Abstract: Biofuel production from microalgae requires optimizing the operation of cultivation systems (i.e. outdoor ponds) for this process to be economically sustainable. Controlling algal ponds is complex as the cultivation system is exposed to fluctuating conditions. The strategy investigated in this study uses weather forecast coupled to a predictive model of algal productivity to optimize pond operation. The selected controlled variables were the rates of fresh medium injection and culture removal into and from the pond. This optimization strategy was applied at two locations in France and was shown to increase the productivity by a factor 1.7-2.4 compared to where the pond depth and dilution rate were kept constant over time. A thorough analysis of the optimizer behavior showed that this increase of productivity was achieved by 'flushing' the pond and controlling the pond depth. These mechanisms allowed maintaining the biomass concentration and the pond temperature near their optimal values. The complex behavior of the optimizer was reduced to six simple rules that could be used as guidelines for practical operation.
INTRODUCTION
Outdoor microalgae-based industrial processes are considered as one of the most promising new technologies for the production of both high-value compounds (Mata et al. (2010) ) and liquid fuels in the transport sector (Chisti (2007) ). The great interest in this technology is not only related to the relatively higher productivity compared to terrestrial plants, but is also motivated by the possibility to couple the production process with wastewater treatments and CO 2 biological sequestration. However, biofuel production is currently not profitable. For example, Slade and Bauen (2013) estimated that the cost of algal biomass produced in outdoor systems would be between 1.6 and 1.8 e/kg. Even under the assumption of an oil content of 70% (Chisti (2007) ), the price of algal biofuel would be above 2 e/L, which is not competitive with fossil fuels. One way to increase the profitability of the system is to develop control strategies to maximize productivity. Controlling an outdoor algal production system is complex because the state variables of the cultivation system (e.g. biomass concentration, pond temperature, etc.) continuously vary with the weather variables (solar irradiance, air temperature, etc.). This kind of problem has been addressed by Grognard et al. (2014) who used the Pontryagin's maximum to identify the set of necessary conditions to be satisfied in order to guarantee optimal control in a periodically varying environment. Nevertheless, the great amount of simplifications required by this approach reduced the applicability of the proposed optimal strategy in the case of algal outdoor cultivation. Alternatively, we propose an optimization strategy that is based on the knowledge of future weather conditions instead of using a control approach based on on-line measurements. This technique is based on mathematical models able to predict algal productivity from the knowledge of weather conditions (Bernard (2011) , Béchet et al. (2013) ). In practice, this optimization task consists of determining the optimal rates at which culture is replaced in the system in advance for an entire week based on the weather forecast for the following week. The first objective of this study was to determine how this optimization approach could increase productivity. The secondary objective was to derive a reduced set of 'rules of thumb' which represent 'optimal operation' in order to reduce the time required for future applications of this optimization strategy.
MATERIALS AND METHODS
The optimization strategy investigated in this study aims at maximizing the algal productivity by determining the optimal rates at which fresh medium should be injected into or extracted from an algal pond. Determining these optimal rates was done in practice by coupling the weather forecast to a model predicting algal productivity. This model predicts both the temperature fluctuations in an Fig. 1 . Schematic representation of the models implemented in this work. The arrows show the key variables of interconnection between the various models. outdoor pond from weather data and the impact of pond temperature and solar irradiance on the algal productivity. A schematic representation of the main structure of the model (coupling biological, thermal and meteorological equations) and the objective function implemented in this work is shown in Fig. 1 . The model equations are presented in sections 2.1 and 2.2. Section 2.3 defines the weather data implemented in the model and the correlations used to simulate the solar irradiance profile. The optimization strategy was applied to algal ponds located in France and representing two different climates as described in section 2.4. The specific details regarding the optimization at these two locations are discussed in section 2.5. Finally, section 2.6 defines the 'compensation function' that was used to analyze the optimizer behavior discussed in section 3.
Mass balance
Let us consider a homogeneous algal open pond of depth l p (m). If fresh medium is injected into the pond at the rate q in (m 3 s −1 ) and culture is extracted from the pond at the rate q out (m 3 s −1 ), the following mass balance can be derived:
where t is the time variable (s), x is the algal biomass concentration (kg m −3 ), G(·) and R(·) are, respectively, the specific growth and respiration rates (kg m −3 s −1 ), and V is the pond volume (m 3 ). Since the pond is an open system, V varies over time according to the following equation:
where S is the pond surface area (m 2 ), ρ w is the pond density (kg m −3 ; assumed equal to water density), v r is the rainwater flow (m s −1 ), and m e is the evaporation mass flux (kg m −2 s −1 ). The specific growth rate G(·) in (1) depends on the biomass concentration x, the pond temperature T p , and the solar irradiance H s (W m −2 ). For sake of simplicity, the impact of photoinhibition on productivity was neglected in this study and the growth function G(x, H s , T p ) was expressed as (Béchet et al. (2015) ):
where µ m is the maximum specific growth rate (s −1 ), σ is the extinction coefficient (set equal to 120 m 2 kg −1 ), η H is the fraction of photosynthetically active radiation (PAR) in solar light (set equal to 0.47), z is the local depth (m) and K I is the half-saturation parameter (W kg −1 ). The specific respiration rate R(·) in (1) depends on biomass concentration and pond temperature through the following law (Béchet et al. (2015) ):
where λ r is the respiration coefficient (s −1 ). Experimental values for µ m , K I and λ r for Chlorella vulgaris were extracted from the study of Béchet et al. (2015) . Bernard and Rémond (2012) showed that the evolution of the parameter µ m with temperature could be fitted to the following function:
where µ m,max is the maximum value of µ m (s −1 ) and φ T is the temperature-dependent function defined in Bernard and Rémond (2012) . The function φ T includes three parameters: T min , T opt and T max (
• C). T min is the temperature below which the growth is assumed to be zero, T max is the temperature above which there is no growth, T opt is the temperature at which µ m = µ m,max . As λ r and K I exhibited similar evolution with temperature, the same function was used for fitting the evolution of these two parameters with temperature:
Fitting these parameters was performed by using the entity Parameter estimation of gPROMS software (4.1 version), which uses the Maximum Likelihood method. The function φ T successfully fitted the experimental data for both µ m , K I and λ r . The complete set of fitted values is reported in Table 2 . 
Energy balance
The temperature dynamics during the cultivation was modeled through a heat balance on the pond that can be expressed as (Béchet et al. (2011) ):
IFAC DYCOPS-CAB, 2016 June 6-8, 2016 . NTNU, Trondheim, Norway where c pw is the specific heat capacity of water (J kg −1 K −1 ), Q ra,p is the radiation flow from the pond surface (W), Q ra,s is the total (direct+diffuse) solar irradiance (W), Q ra,a is the radiation flow from the air to the pond system (W), Q ev is the evaporation flow (W), Q conv is the convective flow at the pond surface (W), Q cond is the conductive flow with the ground at the pond bottom (W), Q i is the heat flow due to the water inflow (W), and Q r is the heat flow associated with rain (W). See Béchet et al. (2011) for the detailed expression of each heat flow.
Meteorological data
Continuous weather data was linearly interpolated from the 6-hourly weather data extracted from the European Centre for Medium-Range Weather Forecast (ECMWF) website. This weather data was used to determine the dynamics of the air temperature T a , the sky cloudiness CC, the relative humidity RH, the wind velocity v w and the rain volumetric flux v r as all these variables have a significant impact on pond temperature as shown by Béchet et al. (2011) . Solar irradiance H s was computed at any time from both the amount of solar radiation reaching the external surface of the atmosphere at the location considered H 0 , and the cloudiness CC. First, H s was calculated from cloudiness data CC, by using the Kasten and Czeplak correlation (Marthews et al. (2012) ):
where CC is the cloudiness value expressed in OKTAS (range 0÷8), H c is the clear-sky total irradiance (W m −2 ), ω is the hour angle which varies from -π to π over 24 hours, −ω s and ω s are, respectively, the hour angle values at sunrise and sunset calculated from the expression proposed by Duffie and Beckman (1991) : The clear-sky radiation H c was given by Duffie and Beckman (1991) :
where
are, respectively, the diffuse and the direct components of the clear-sky total irradiance (W m −2 ). The solar radiation H 0 was given by Duffie and Beckman (1991) :
where I sc is the solar constant (1367 W m −2 ) and θ z is the zenith angle (the angle between a vertical axis at the location considered and the sun direction). The variable τ D,c and τ d,c were computed, respectively, through the correlations proposed in Marthews et al. (2012) and the Erbs correlation discussed in Duffie and Beckman (1991) .
System description
The optimization strategy was applied at two different locations in France (Nice and Rennes) during the first 7.5 days of July 2012. The pond surface S was 100 m 2 and the initial conditions were:
• the initial pond temperature T p (t = 0) was set at the average value of air temperature T a,avg over the period τ of simulation/optimization; • the initial biomass concentration x was set to 0.4 kg/m 3 ; • the initial pond depth l p was set to 0.3 m.
The inflow temperature T in was set at T a,avg .
System optimization
The optimal control strategy aimed at maximizing microalgal productivity, by continuously adjusting pond depth through the injection of fresh medium (q in ) or extraction of culture (q out ). The control vector q(t) = (q in , q in ) t was therefore the solution of the following optimal control problem:
where ξ is the state vector and q max is the upper bound of the flow rates. The dynamical system g(ξ, q(t), t) therefore gathered the biological and thermal dynamics (see Equations (1) and (8)). The objective function P net is the cumulative difference between growth and respiration during the cultivation period. The key difference with the control problem addressed in (Muñoz-Tamayo et al. (2013) ) is that the pond depth was made vary in this study. The pond depth was constrained between l p min (0.05 m) and l p max (0.5 m). The optimization task was implemented through gPROMS software (4.1 version) by using the default optimization solver NLPSQP, which uses a sequential quadratic programming (SQP) method for the solution of nonlinear programming (NLP) problems. For the numerical implementation the two control inputs q in and q out were considered as piecewise constant variables within the range [0÷1] m 3 /s. In order to assess the gain of productivity obtained with this control strategy, other simulations were performed under 'standard' conditions. These standard conditions correspond to typical assumptions made in the field of micro-algae outdoor cultivation: constant depth of 0.25 m and dilution rate equals to 0.1 day −1 (Jorquera et al. (2010) , Rogers et al. (2014) ).
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The compensation function
The compensation function f comp has often been proposed as a key criterion to be optimized (Takache et al. (2010) , Muñoz-Tamayo et al. (2013) ). The compensation function is the ratio between the growth and the respiration rates at the pond bottom and it should be as close as possible to 1:
In other words, if the function is higher than 1 the pond productivity could be improved by, for example, increasing the amount of biomass in the system. Conversely, values lower than 1 indicate that the net rate of growth at the pond bottom is negative. Consequently, diluting the system would increase productivity. The optimal biomass concentration x opt is therefore reached when f comp equals 1.
RESULTS AND DISCUSSION

Productivity comparison
The cumulative productivity profiles obtained under optimal operation was higher in Nice (37.5 kg) than in Rennes (28 kg), mostly because Nice benefits from a sunnier climate (see discussion below). Under the standard conditions defined in section 2.5, the productivity values in Nice and Rennes over the same period of time were 15.9 kg and 17.0 kg, respectively. Applying the control strategy therefore boosted productivity by a factor 2.4 in Nice and 1.7 in Rennes. The following analysis focuses on the comprehension of how the optimal control managed to increase productivity by such high factors.
Theoretical best optimal conditions
At daytime, the optimal biomass concentration can be determined by finding the concentration value ensuring that the compensation function equals 1 (section 2.6). In addition, productivity is by definition maximal when the pond temperature is at T opt . Productivity at daytime would therefore be maximal if both the biomass concentration was maintained at x opt and the pond temperature at T opt (Table 3) . At night the pond temperature and the biomass concentration should be as low as possible to minimize the respiration rate, hence the biomass loss. The 'ideal' operation would therefore require drastically changing the pond temperature and the biomass concentration at sunrise and sunset, which is in practice unfeasible. As a result, a compromise must be found between optimal conditions at daytime favoring high productivities and optimal conditions at nighttime preventing high biomass losses. The objective of the next subsection is to examine how the optimizer reached this compromise.
Analysis of the optimizer behavior
The results are reported only for three days of cultivation (from day 3 to day 5; day 3 being defined as the day between t = 2 day and t = 3 day, ...) to ease the Morning. Fig. 7 shows that the optimizer tended to maintain the pond depth in Rennes at its minimum allowable value in the morning (l p = 0.05 m), which allowed a fast temperature increase in the morning and therefore increased productivity (see Fig. 4 ). Figures 2 and 3 show that no water was injected in the system and that no culture was replaced by fresh medium. This avoided cooling down the system and decreasing the biomass concentration. Similarly to Rennes, the pond depth in Nice was relatively low in the morning but was sometimes above the minimal possible value of 0.05 m (see Fig. 7 ). Decreasing the depth in the morning would fasten the temperature increase but removing culture from the pond would also decrease biomass concentration and therefore lower productivity (as biomass concentration was already relatively low, see Fig. 6 ). For this reason, the pond depth in the morning was maintained at the depth value set during the previous night. From these results the following rule can be extracted: Rule 1 : The pond depth in the morning is maintained at the depth value set during the previous night.
Afternoon. Figures 2 and 3 show that q in followed a 'bell curve' profile from about noon until late afternoon. q out followed the same dynamics but started slightly later in the day. This indicates that the culture was replaced with fresh medium. This 'flushing' strategy can be explained by two reasons. Firstly, as shown in Fig. 5 , the compensation function f comp is maintained at a value close to 1 during the afternoon. This suggests that flushing the system with fresh medium maintained the algal concentration at its optimal value during the afternoon. Secondly, Fig. 4 shows that the afternoon pond temperature was maintained near its optimal value T opt (35.8
• C) in spite of high solar flux and higher air temperatures in the middle of the afternoon. This good level of temperature control can therefore be partly explained by the replacement of the pond water by colder fresh medium. Fig. 7 shows that the pond depth l p increased until mid-afternoon and then decreased. This dynamics is consistent with the fact that the bell profile followed by q out was shifted with respect to q in profile (Figures 2 and 3 ). This increase of depth aimed to increase the thermal inertia of the system and therefore limit temperature fluctuations. The depth increase during the afternoon is therefore an additional strategy used by the optimizer to maintain the pond temperature at its optimal value when the 'flushing' strategy discussed above is not sufficient to maintain optimal temperature. Figures 2, 3 and 7 indicate that the 'flushing' and 'depth' strategies were also used during day 5 in Rennes. The flushing strategy was also used during days 3 and 4 in Rennes but Fig. 5 shows that the compensation function was significantly lower than 1 during the afternoons of these days. This is surprising because diluting more the culture (i.e. higher q in and q out ) could be used to maintain the biomass concentration at its optimal value. The reason why the flushing rate was not higher is that replacing the culture with cold fresh medium at a faster rate would significantly decrease the pond temperature. indeed that days 3 and 4 were relatively cold, on the contrary to day 5 which enabled the pond temperature to reach its optimal value. In other words, the optimizer finds a compromise between optimal biomass concentration and optimal temperature conditions. In addition, Fig. 7 shows that the depth was maintained at its lowest value in the afternoon in order to maximize the temperature increase at daytime. From these results we can extract the following rules: Rule 2 : If the pond temperature can be higher that T opt , the culture is replaced with cold fresh medium to maintain x at x opt and the pond depth is increased to maintain the pond temperature at its optimal value. Rule 3 : If the pond temperature cannot reach T opt , the biomass concentration is maintained at a value slightly higher than x opt to avoid low pond temperatures due to the injection of cold fresh medium. The pond depth is also maintained at its lowest possible value.
Sunset. Figures 2 and 3 show that a significant fraction of the culture was replaced by fresh medium at sunset in Rennes. 'Flushing' the system at sunset lowered both pond temperature (see Fig. 4 ) and biomass concentration (see Fig. 6 ). As explained in subsection 3.3, these conditions can potentially reduce biomass losses through respiration at night. However, the fraction of culture replaced was limited in order to avoid low levels of biomass concentration and temperature that would hinder the productivity during the following day. In other words, the optimizer found the best compromise between high respiration rates at night and low productivity at the start of the following day. Figures 2 and 3 show that a fraction of the culture was withdrawn at sunset but without any replacement by fresh medium. The 'flushing' strategy used in Rennes was therefore not applied in Nice, probably because the biomass concentration was near the lower limit ensuring good levels of productivity the following morning (Fig. 6) . The strategy used instead consisted of decreasing the pond depth at night (Fig. 7) . A low pond depth indeed ensures a fast decrease of temperature at night and also lowers the amount of biomass in the pond, hence the respiration rate. Similarly to the 'flushing' strategy used in Rennes, this 'depth-decrease' strategy is limited by the fact that low biomass concentrations and low temperature would lower the productivity on the following morning. This strategy was not applied in Rennes because the pond was already at the minimum allowable depth at sunset. From these observations the following rules can be derived: Rule 4 A fraction of the culture is replaced with fresh medium at sunset to cool down the system and decrease the biomass concentration. The fraction of culture replaced should not be too high to ensure good productivity levels at the start of the following day. Rule 5 The pond depth is decreased at sunset to remove a fraction of the biomass in the system and to fasten the temperature decrease at night. The pond depth should not be lowered too much to avoid too low productivity at the start of the following day.
Night. The application of Rule 5 determined the value of the depth at night at the two locations. Fig. 7 indeed shows that the depth was maintained at its sunset value all night long. In addition, Figures 2 and 3 show that no 'flushing' was used during the night. This is explained by the fact that Rule 4 already set the biomass concentration at night. The following rule can be extracted from these results: Rule 6 : At night the depth is maintained at the value imposed by Rule 5 and no water is injected to or extracted from the pond.
CONCLUSIONS
Our optimal control approach was shown to significantly increase the productivity of algal open ponds compared to standard operation. The analysis of rational behind the optimal control revealed that this productivity gain was achieved via two main mechanisms: 'flushing' the culture and controlling the pond depth. The complex optimal strategy was reduced to six simple rules from this analysis. Using these simple rules to optimize pond operation have therefore the potential to minimize computational costs and supply guidelines for practical operation of open ponds.
